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.In t;c?nl~s of ptlrl'ornranl*~~ ;IIILI r v l i a b i l i l - y  at: L ? ~ L ~ V ; I L L ~ ~  L.C'IIJl>i~l.iltUrt! (200' C +). 
'.L'hcrc i x  a l s i ~  il n r ? ~ ~ d  flrl: ):~?rld I~ i~a l ' l l l~ :  mill-c?rii~ls :is 1~~11   a3 ~clcld G C ~ T  mutr1- 
r ia l s  due L i r  InCrc;lsed usil of: Lnt c ~ r i l l  b c a ; ' i ~ ~ ~ : ! ~ ; ~ i ~ ' ~ *  clc'~ign.-;, f u r  ~esnnlplr ,  
helicopter nlain raLur t r i l~ r sa~f  s.qirrn r;ys t;c?rrts. 
S incc Lllere hiis lio L hccn GI svs t r \ l a .~ l i l~  L T . I L ~ I , I L  i ~ ~ n  o l  r ~ r  11 ~ I I I J  cll'rnrwt 
I';~~ik:iic l i t p  p c r f ~ > r u n ~ ~ n i - ~ l  rjtr v :~r  lolls .11 1 c::s int- l t~J. ing ticwly dl?v~lu13cd ru~IL1~- 
r i a l s ,  u ~ n . l , ] r ~ r  11,lrL o i  t l r i s  111 t o r t  IN:: b c ~ w  10 t;t\l~ly Llita 1 ~ 1  11111: c u t ~ t a ~ ~ t :  
f a  t l p ~ c  b ~ h i ~ v i i l l *  ~111llc.r unf l~ll.111, ~* .1r t* i~l l  l v  c iwl  r o l  l e d  e s l ~ c ~ . i ~ ~ i t ~ n t . ~ l  ~ o n d i L l i ~ n s .  
'RIP ca r l l c r  011.1scls o t  ~111s st i idy W L * ~ " L ~  i*ir1\t*~b1'11iad pr in l i t r l ly  w i t h  evalu- 
i ~ t  iul: tllc r i l l1  i n g  o l L ~ I I I P ~ L  I . I L  ll:11~\ C I ~ . I ~ ~ I ~ * L L ~ L ' ~ S ~  it-s ;11id f a i l  u r v  modc\s of  11u l l a \~  
roll In!: :ll  c.mc~nts. l n ~ ~ i i ~ J ~ * r l  1 Iltirl  I I I  \qrarc ~ I I V L ~ N  t [ [:,IL 1011s 111 t i ~ r ~ ~ y : i ~ - l r ; r r d c ~ ~ ~ ' d  
i111c.l ciiscl c ~ r l ~ ~ i ~ i ~ ~ i ~ d  ~ I L I L  vr i,\ 1 s  \ L I V ~ I I ~ ;  vari~111s OD/ 111 tq.11 1 LI I~L*ICI~L~: :S  r a t i i ~ s .  ( 1 )  
Adil i t  i o n a l l y ,  \ J O S ~ C  w . 1 ~  . ~ L H C )  per1  L~I-IIIC~J. ixst;lb t f ~ l l i i i g  t l ~ ~  01 filPt (>I 114 f fcrent 
matorL,li c-oabin,iLions on ra 11 ink; ~ * l c t ~ ~ c ~ n ~  t L i ~ i g u o .  T l ~ ~ ~ s t *  a i l o r t s  cuulprising 
c7f 'rilsks 1 thrtlufil~ VlI l  ol' s ~ t h ]  C L - L  C O ~ I L  r L ~ c i  t , II;IVL' ~ P L ~ I I  s t ~ ~ ~ * c s s ~ ~ i l l y  o i q~ l i l . r t~d  
and h.rvca Ir~lrln ~ P ~ O ~ L L S L ~ .  ( 2 )  
T\IL\ p ~ ~ r p u s ~  of. t l ~ l s  intclrim 14cljirrt is i t )  L ~ O ~ I I I I I ~ ~ I ~  t l i b $  \ i~rIi covcrcd 111 
Tilsks IS t l ~ r c ~ t i g l ~  S l I (Yi~L)~-uilr?~ 1 0 7 5  Ll~r~ltr~;\ l  r\pr il 1'1 7 7  1 at ~ h c .  sub j ~ l c  t: 
c 1 i u t r a ~ - t  (NAS3-14 301) . 'l'11c 'l '.~sks I S  tllrtltlgl~ S l  11 J i ~ a l  \rll l11 tllv r o l l i n g  
~ ' l c t n c n t  f :IL ii:up t c s l  lnt: .lnd s u I ) ~ ~ ~ q t ~ i ~ ~ i t  1tl~t.11 I ~ I I + ~ ~ ~ L * . I  I , ll~;~lv::is of ~ C L I I -  II~,ILL>- 
r i a l s .  KolJ itzg o l t $ ~ t l ~ n t  I',~c L G U L ~  I i v ~ s s  o 1 olc~vcln , ~ l  lays \ t e rc  i.v~ltlarecl i n  
P l ~ o s ~ '  I .  Tl~t? r i  l'cc Ls r1T d i l't ~ * r c n t  Il~xaL trll,rt! nl: ~ ~ O C P S S L ~ S  r~nd ~ t d d l l ;  t o n a l  
vncuua 111eLtit1g prt>cc2sstni: nu tllil 1.1Lig~11a l i l c 3  oi' several c c ~ r b u r i z i n g  ~ l l l ~ l y s  
~,~CL'L!  s ttldicd in Phrtsc? 1 I . 't'llrb r ~ a i ~ u l  t s  .~rv c ~ J I I ~ ~ ~ , ~ T L * L ~  151 111 ~ J I C  s t;lnd:lrrl L ~ V  L- 
; l C i 0 1 1  ~ l l o y s  K L ) ~  b ~ r I ~ ' l l I l : ~  ,111d gcars, L Z ~ X T  P1-L~[l aud 121:'P 1 ~ - ~ ~ ( 1 ,  rot;ptai1;lvcly. 
Elcvcn a l loys  wcvc tss tcd  i t 1  c l ~ a  (;oacr;ll Klcccric Rolling Contact (RC) 
Fntigua Tost r igtl .  Scvcrnl di f fe ren t  hear. t.+'antllrents and/or mwltlng pro- 
ccsetlss havc. bceil s ~ u d i c d  on sonte o l  thclt i.%la*.wn a l loys ,  PIctilllurglcal. ansly- 
scs were aide bcforc a l ~ d  n f t u r  the RC rig t e s t s ,  Patiguc Lest data were 
analyzed s t a t i s t i c a l l y  using t h c  1JcLbull d i s t r i b u t ; i o n  func t i on .  TIIP expcri- 
mcntnl d e t a i l s  are described i n  the SoLlowing, 
1 )  TcsC Platerials 
Eleven materials were tested 111 17 r e s t  si:ries as lolluws: 
1'IWSE 1 
--- 
Tcs t S C ~ ~ C Y ~  GCcrials- -. I j i ~ ~ . d . l . -  -- Process 
I:?'bl* Sttpcr Ni cr t l l loy 
A~l*fiNitr;llluy 135 
CVhl Vsrscu N a t r i s  11 
CVIi hlS1 3310 
CVFi CDS &El0 
CVM cns LOOON 
CVM AlSI \J-1 
CVFI AT31 0-2 
6lQ1 A I S l  S-2 
CVPI Vasrm S-2 
CVhI Nlt r t l l loy  N 
C:iisc l ~ i t r i d i i ~ g  
Case n i t r i d i n g  
Thruugh-hardening 
Case cn rbu r i z l cg  
Caw ca rbu r i z ing  
Cilsc c n r h u r i z i n g  
Tllrough-I~nrdct~ing 
T h r a u g l ~ - h n ~ d c n i ~ ~ g  
TI1rt1ugh-hiircIc11111g 
Casc cal-burizimg 
Case n i t r i d i n g  
Tcs t Scrips b!i~tui-ii~‘tx I l i i r d c n i ~ ~ p ,  ~ ' ~ O C ~ S S  
- 
r b !  VItl-VAK*k*RISI 9310 
I\ B C\W r:ns loo011 
i\ C CVli CUS ILO(IOP1 
AD C V ~ I  cns boo 
t\ 11; CVEI GBS 600 
AF CVbI CUS titlo 
C:I::C carburizing 
Casc c:~rburizing 
Case ca rbu r i z fng  
Cnsc cnrburizing 
Case cat-burizi ng 
Case carburizing 
WVEI - Cansurnol;l.c vacuum mcltcd.  C\W is also c2l 'cd as VAR 
(Vacuutn arc rcn~elted) .





llilrrli~cstl In I{r~rltwu 1 l I: (llllc) ronvcl-Led f 1:oi11 Hockwall 15-N wtrs 111~usuri8d 
on r.nCll Cost: 1)ar bc  for^ IZCk' t cti t l n a ,  El  L c r u l ~ i ~ t ' d ~ ~ i ~ ~ ~  I I I C [ I S U ~ C I I I C I ~ ~ S  wcrc nlndo LO 
dctcrnninr! t l rc?  cf fcr:t lvc  C L ~ H P  ~ L * P ( ; I I . ' I .  r l l l~il  i l l f c c  Live  CUBC C l ~ p  tll 1s dcClncrl 
rlrs ~ i r c  Ji?l,tl1 below ~ t l r f i l v ~ '  n t  winiril I ~ ~ ~ ~ J I I c s s  . s l lRC 58. Convcilclotrnl o p t i c s 1  
rr1c~tinJ.logrn~~11l.c spctli~nc?nti \$c?ri> ,)rcparilcl t o  cxirtrlnc rlrc r n i c r o s L r u c t u ~ ~ e  bofurc 
il11d r i f  Li?r Cllo tc~LLtlg .  
110 11 Lirg con ttrc t f n t l.guc diltii wi'rc r~t~trlyz~lcl  :in L!!c? \\rc;l.bul  d:Ls t1:;lbut i o n  
fuuc t l a n  ittld !I t o  C LH L; tr!tll.J.y t1ol1d.trlcrt?tl '1 n 3 nIiltInL~1' ~ l l g g ~ l ~  t . d  1 ) ~  .).011118011. ( 5 )  
31hr? F;it.lgue 1:LCc I.n nuaibrlr oT strt?ss syri.l,cs ns : i l ) . rcis~u versus cllc sCnt:L~L.l- 
rti.l, cuunr.lln t ivc rn:Ll.urcs as o.rd.l.n;~tr! \JL? rc? 1):l.u t l;c!d l.11 tllc IJ~libul  J. probirbl.:l:l.l;y 
gritpll. B-1.0 o r  15-50 I:Lvca :ll:il drf , lnc.d hi?rc LIS ctie nu~~ibcc  of  C~CIC?Y ~ I I C I - c  X O X  
or 50::: t :c:~pcc t ivr1:l.y u f tllc trt; t; p o l > ~ i L i ~ t : l , ~ ~  i~rc? r'sl.tcctr?d t o  fo21, by ~pal.l.:l .ng. 
S incc  cur;Ly f n i l u r c e  ill cout i lc t  Catlguc! arc n~~ircll aloro s l g n i f i c n n t  i n  
~.c!~incr?r~np, pr:nctl.cc, U-1.0 :I.:Ifc wuu uscd LIB a c.i:l. tcrti.olr t o  evilluote tllc 
.rolL:Ltlg contact: Tclt.lguc :l:I.fc porl?ol:nnnncc. 
Kol liilp, i : r > ~ ~ t i l ~ t ,  l a t ; l ~ u c  lrlst  r i l , ru lL~ i1.f :111 L c s t s  scrlrvi nnc! nf VAR AlSS 
'3 110, i ~ u  iI bilscl  Ltlrl,  ilrc prilscntcel I n  h1.lpil!li!lx b. COrrtlspOIId 1 t l ~  \{cU;r .! ' p1nI.s 
i l V P  ;I Lso t l lcl  ttdilrl i n  i\ppc*nrlls I\, i \ p p i ~ ~ i d i ~  I! ri*l~rtlsi\nLs a H U I I I I I I U I * ~  :I[ I,t1ai 
rasu l l s  Cor Phrruc 1 illlrl 11 I n  wl l i r !~  11-10 t i  f t l ,  B-50 2LC1\ ,  Ido.lhtrl.1 :ILII,W unil 
Cn i l i~ r i>  Lniltlx art1 filviln. 'I't~i. f a j  lurt* il~rlcx l a  rltlf Ltirtl i i H  nue~hc~: u l  f a  f l r ~ r c s  
o u l  uf lotab nulnbilr of L c t s t u  ~ > i ~ r f ~ r l i l l ' d .  Il;lta 1111' VLII-VAR AlST El-50 tirt~ n l s u  
Lnr lu t l i~I  Ln hppsnrl [ x  i: l1.q I I ~ I H O I  i ria. ' l ' l~ t*~c iIrc I ) D P ~ *  ' ~111 111ar0 tl\c?ll 250 tibs La 
from 12 d l 1  f i1rct11L lien ts \vli lCll wcri* hrlnt Lrrlatc3d 1 1 3  IIRC 6:) 1 1 . A suoll\rnry of 
I I I ~ ~ ~ I  llikuk:lcn L c l \ ; \ r i \ ~ ~ i b r  s t lcs fo r  l'hasc 1 nncl 1 T, t'cst: n~n tc l - la ls  i s  given i n  
Appcl~tl fx 11. 
a )  AlSL 9310 
11) C l I S 0 0 0  
c )  CBS 1000I1 anrl VC~sl1o S-2 
c l )  NILrLrling i1.I Lays 
c!) 'Ctiroi~gt~-t inrrt~t~ i u ~  3.1 loys 
Cllc?nl.l.cn t ci)mpos ll1on.r of )\IS1 01 LO ~ ~ s o d  i n  t h  1s  Invcs Llp,nt Lon nro f i i v c i ~  
i 1 1. 'I'ablc 2 gfvr\s ~ t ~ c  iIoLn1 1s 01 ~ l l c  IlclnL trrat  i~ip, ~ ~ u o c ~ s s  usrrl Tor 
A 3 0 ,  A s  slio!in Ln 'l 'nhlc 2,  TrsL  Scr [cis Ah ,lnrl hnse l i t~c l  \ucrca hont  LrrliiLlld 
L tlti* SilIllC L L.I\Lc' itnilcr Idclnr l t*nl  condl t l a n s .  'rhc ~uilin 0111 ilc t L l ~ e r o i n  IWS LO 
T iocl tliil v C fact of rlc~ubl r v a r u u ~ a  mcl t ing (VTII-VI\K) vcrsus s l n f i l c  vncuu!n 
nt~11.Cinl: (CVPI) a11 rolling clciiicnt r u l l g u c ~  liiil o f  ATS1 L1110. 
Tah lc  3 shuws RCF t ~ s L  resuLLs :'cnrl the  \ J ~ i b u l l  p l o t s  of the r c s u l t s  arcb 
prusrlnt-ctl ttl Pigurr1 4 .  13-1U Livcs nl*p :11sc> . in r l l r t~ tcd  ns 11 bar  chat-L i t1  F igurc  
5.  
O p r i c a l  pho to~a lc rogcup l~s  slloit~ing rnsc  ;tnd coi-c ~ ~ r i r l - o s t r t i ~ * t u r r s  of 'rest 
Scl: ics  s nt~rl AA a r c  g ivclu in lpigul-ijs 6 c ~ ~ ~ c l  7. No n u t  ierlabl c r l i l  Cc.urtzctls (;I 
o p ~ l c o l  i r l c r o s t r t ~ c t u r c  wrrcl ft>unrl bPtwocu VIE.[-Vr\l2. ATSZ 9310 ( l 'vsl  Srt+.l.vs t\A) 
anrl TAR t\IST 931 11 (bnsr* 1 ilic) , P lgurcl ()-(,I) L-1 c n r  ly shows tlla t h l g h  r ~ 1 a  incd 
tltlki L V I I ~ L P  is puc~acnt  i n  ttlc c a s c  1111cro.q truc Lurc o f  Test- St - r i r s  x spcr 1rui.n~ 
( c o l i ~ p . r r ~  lrr Ltli F Lg~lrc 7- (a)  ) . 'I'hc. vctn lilcil nus  t cn  i l c .  I s scon as uuc tcllcd w h i t r  
I>nck~roiintl  pl i i~sc.  h suomrary of ~ l ~ r ~ ; l I l ~ l r g  LCLI L a11a l y s i s  O C  ATST 9320 tosL 
scrltw i s  g i v r n  L I I  'L'dbLc 4. \ r i ~ r l a t L ~ ~ ~ s  L I ~  L l l ~  i\llli)unt of  rtltuinccl ; r t~atc~niLt \  
p rcacnl: f 11 t h e  c.wo s t  rucLure \\tcrc a~c*asurcrl to Ire H. '32, J 1 .2E ntztl 20. IF, f o r  
'rest SCI*.LCH Ah,  h t ~ s c l  lnc ,  ilnd x rrlsp1.c L i v ~ l y .  rit>.lta i n ~ i l  auslc -7 i tc nnd art> l t  1 ng 
proccvs seem Lo bil Lllr. 011 ly s i g n  l f  i c n n l  vnr Lab Lcs f n i l t r i~ncinp,  r o l l  lng  ~?c~nLni~ t 
f u t i g ~ ~ c ?  LIfc bchnv fo r  L>C A I S !  '13 10 t ~ ! ~ d c r  t11~ prr3srnt: c x p r * r l ~ ~ ~ c u t a l  conJ i t i t i n s  
(scc Tab le  4 ) .  1 I I I f  ercncps alaong i l l 1  tllc ot lrcr  i a ~ p o r t n n t  v n r i a l r l c s ,  for e~saa~l? lc ,  








t!l1i*\\\l:lt l-1. s l t tn t -  1 l' I,+,\t it'll 1 t j r  l* l \S tltl\l it: ):i\+l'll 111 I',1ll I \ \  " *  'l'\\kl , ~ I l i ~ l \ \ I  i-31 I 
i*I11\\pil:: I t 1 ijlI t) I t: 1)s OLbI t l ~ i ' i i  i 11 rtv: t Sii1* i tt:: .\u, \1: , l l ~ ~ l  *\k' $ t S F, I vll l l  I I\ l'&ll\ 1 l\ (1 . 
~:Ilc~111 &:it rv  I~t71- 'I't*::t S P Y  i t*:: y (\il',ll :i.'Y (1Q "'$> i:3 I \ t \ l  .I\*,\ { 1,lb I i' , \It\,\ t t rit:1 t {lll: 
\11'g>k9~'tItlri' 11\1. t \ \ t h  1 k;U18 SC*~: :  0 1  t'::t ::1'I'11\:; ,Il'i> ~11\!:&*1'11'1*t\ 111 r , \ \ ) l l>  :. I t  
:;l\\jll It1 111> \l\ l  t L*J l\i'l*il tlI,l t [ I\<' I1t''\t t r1>.1 t ~ ~ r t l , * i ~ , l t l l q l ~  t1::i iI I l't\:it St%\*{  t*:: *\\? it: 
t \\:I t ~ l ' i ' t ~ ~ \ \ ~ \ i l ' ~ ~ ~ I i ' t I  I)\* t IL' I\\&\ t 1'1' l iI 1 ::\I\\\) I 1 itv v 
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250 t e s t s  Test Series 
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Uax .  Hertz Stress: 4,826 $Pa (700 ksl) 




Fat igue  Life, Stress Cycles  








NLI na t l ~ o i t b l ~ *  rlil'l'r~rewi*il \JIW SLRIII~ ill up t Lr-3 1 I I I ~ ~ * I * L ~ S  t r lw Lkir~l 11s Tclt~ t 
S ~ ~ r i u s  1\11, AI':, .~ntl Alp, rc*prclsiwtul ivc unicrnst ' r t~r* t t1r1.t Is s l ~ o v n  In  I:ij:urrw 1 1, 
1 4 ,  i ~ c t  1.5. ' rhc f l a p  1-i\rhlrli\ nrlkvc~rk t l h s c r v ~ ~ 3  it1 'l'ilst Sllr l1.s v \$,IS ~ l t r t  1'0~1111 
111 ' S C H ~  S~lr iebs  All,  AE, ;lad ill', I n t l i c n t i n g  c80rhcrn ~ > l j t ~ n t  l l ~ba~ployi*tl c l u r l n ~  
c a r l r u c i z l u ~  c7yr- lt1s v ; ~ s  llkcly Lo 1 1 t h  Iiiglrcr f o r  1-ht. c.1~1. ill' 'Ccst St*tAli~.r y ,  I t  
s l lould bc IIIPII L I L ~ I I L \ ~  IIL '~c* tll:l t 1 t ~ c *  1\11 c r t w  t rill* t 11rv ~ r l l t ; t \ r v ~ ~ i  ilt 'I'cH t S c r  I CIS All, 
AIE ; in4  Alp is clu l l o  L* 1~1~13 to  ih11 iy)l Lulu~n n ~ i ~ * r a s t  1.11~~ t urc f o r  bcbi~rl l l~;  . ~ n d  gllal- 
i t ~ i p l i i = n L l n n s  rclr~l~~rn~~\c~ndc~d by ~ t l o  III,I~ cr  !,I 1 s u p p l  ivr ( 11) . CllS hl10 i H ~ZIILI\VII  l.11 
I~;\vil a lruosl 100:* mart L*IIS t t 4 *  i u  l l lc  1-ascr, anrl III;IL'~C'IIS I LL* p i  uti I o r r I  L i> 111 t l~e* 
c i>~rb  when h ~ r r t .  trertCt'cl t~nclcr t l l ~  r l l ~ * r ~ m n ~ ~ ~ r ~ d t ~ r I  p ucc-cliirc.. \ \ ' l ~ l t i l  i~r*l l -utal .  
p11astl.q LII Pi);urt*s 14-(11) ,111Ci 15-(11) * I ~ C  i t ~ d i ~ ' i ~  lil l L t i  hit S c r r  i l c ,  
Bvi111 tllougll spcc ttl\cns Irartt 'l'i.s t S e r  l t ls v i~avi l  I l i r : l l ~ ~ r  r t> i  a I lttlcl ;hu::i 13111 111 
tt11i1 iI t*~' <I L ~ - ~ l ~ t . ~ L l . ~ ~ i l ,  I I L  L*LI\IL* 1 t l ~ l . v ~ '  I*L'IIILIJ*ILS L ~ L I I ~  I I L ~  11\~\t11> I > L ~ ~ ~ ~ \ ~ I s L ~  t 1111 S ~ I C ~ L * ~ I I ~ ~ ~ I I ~ ~  
ll;lv~~ il igllt\r (ll!IC 0 5 )  11,lrLIllc~ki:; t I l i I l i  L ~ ~ I I L ~ ~  L I I ~ L * L ~  ' I ' l l~l  sl'r I L*s An,  1\1: *lll1l ,\I?, 
I h i ? l ' v ~ ~ ~ ,  t11l'rLa IS k l  Sligl lk tr1>114! ti>\?;lrLl [ l 1 t 1 ~ l 1 ~ ~ S ~ * \ !  l '~111!11~~ 1 ' 1 l l l ~ a l ~ ' t  1 ~ 1 1  ~);~11* l [ i t l  
\sl ill i n c r l ~ . ~ s i n l :  r t * ~ ; ~  lol t l  ,~ i i s t r ln  l t  i1 1 roln 2 111 lt', . 'l'ht. t r ~ ~ t r l l  l h  ::t,ll is1 i ~* :r l  i \*  
L n s i p I i f  tc,lllk. 3 t i l l ~ l ~ L ~ t l L ' 3  l+i l~\  L L'ut*Lhcl- stticly IS  nilc%lilrl L L)  1 illd tlli\ i*i'L L*L*I ill' 
r a t i l i t ~ ~ t l  nt ls l~lrr  Ltc 0 t o  lLI"., w111i*11 is oCt i* t~  pt*cts~11lt In  .rr. tuil l .\3711 1 Irq,lt Ltrus. 
C~L~I I ILL-~I I .  c c ~ m p ~ ~ s l  t i l l ~ ~ ~  i1C (!US I ~'~~llEi i111ti V ; \ S C ~ I  S-2 ~ ~ s c J  I n  I \ I  i s st l i d ~  i\ t-11 
prirvirlc~rl Ln T c I I ~ I P  10. Rotl\  a~at-c.ri,ii i1.t.t. rt1ct>tnn1ondc~rl 'ar r1o~lt i r l r ~ ~ l l t s  si1r\rL~t1 
up tu  GOUO P ( 3  16" L') i tl hear l ni: ihtlrl f i rur lnl :  app  1 I ii;l t I o n s .  bltlt ;I 1 lli~*i: ~ L > U  1 L v  , 
cnsc structure a f  CUS IODQEl and Vnsru X-2 ciln Itc s a l d  L o  llc~ cal~lp;iritblc. As n 
i11:rtter of f i l r t ,  Vosca S-2 is :I elcrivnL-lvv oT AlSI 11-12 tool  s l c c l  ( 5  C:i- - 
1 Flu), bcing c lasc  t o  A J S I  11- 12 wLLh low t-nrbirn I * L I I I ~  ilnL. 111 CIIS 1000l1, 
chromium is  rcdiiccr! LL) If: t u  avoid a s  trlilt Lo~i priltlli~nrs i lu r l  ni: r o r h t ~ r i z i n ~ .  
T h r w  pclrccil t n i c k t ~ l .  is uddcrl I 'm toul:l~nows <lnd workah i L [ Ly. V ~ I I I ~ I L I  1t1m is 
mainly itseri Tor g a i n  rp C incmcnC. 
'l'i1b1.c. 11  d ~ * s c r  i bcs thc* 1Ic~;ri  1s uf  IroilL trcl:r t n~t*n t ust\rl for ClIS  1.OQllll ;111d 
Vasco S-2. CBS l001)~I was trlpltl t~ l t t~pc*r~td  a~ i ~ p p r o s l m ~ , ~ ~ c ~ l v  1001)" I? (51H0 d l  ti1 
t a k ~  3~1~i t t1 t i l f i t~  ' LI S ~ ~ L - L I I I L ~ . ~ ~ ~  I \ i ~ t l l t ~ t ~ L ~ ~ ~ ~  ~ ~ P I ' t t ' t ,  \';ISL*O X-2 \?.IS 1 ~ ~ i ~ ~ I ~ ~ ~ L i ~ ~ \ \ ] ~ i ~ l ' t ~ i l  
nt: 600" Ep (31.bb C).  












































































































































































































































































































































































































































































































































































































































































































































































































































































































































Vni lurr (21) 
111drs 
20 / 20 












X l~l[] cyclcs  
2.00 
3 . 7 1  
2 , l l  











Il-10 1,if c ,  
S 10b c y ~ l o s  
' 1.9'1 






2 . 2 7  
2.8') 
2 ,  lb 
16 whore the  data f o r  VIM-VAR AISI El-50 and VAR AISI 9310 aro ilrcluded for 
comparison. B-10 l i ve s  of  CBS 1000M, Vnsco X-2 and baseline d a t a  of the VEM- 
VAR AISI M-50 and VAR AISI 9310 arc compared I n  n bnr c h a r t  i n  Figurc 1 7 ,  
I:: i s  sllown w i t h i n  tlie ranpr! of tlre p r e s e n t  c x p c r i a o n t a l  c n n d i t l e r ~ s  that: 
V N I  CIlS lOOOh1 is  i n r e r i a r  t o  bo th  VIEI-VAK A r S T  Pi-50 and VAR AZSZ 9310 w l l i l e  
Vnsco X-2 is  be t t e r  than the b a s c l i n c  m a t t l r i o l s ,  Dircct: c a n ~ p o r i ~ o n  b c r w e i ~ i ~  
Vasco X-2 and CBS 1000M, I~owcver, appears t o  bc i n v a l l d  bocnuse of t h e i r  
d i f f e r c i ~ c e s  i n  t h e  amount of r e t a i n e d  n u s l t c l ~ l t e  p r e s e n t  i n  t l~c  case e t r u c t u r c ,  
Tho s u p e r i o r  performance of Vnsco X-2 i s  ~ f ~ t r i b u t e d  t o  the e x c c s s i v c  amount of 
r e t a i n e d  n u s t t l n l t e  (22%) ('Sable 13). Tt i s  noted that i f  t h e s e  n ~ u t c r i n l s  are 
u s e d  fo r  r o l l i n g  clement b e a r i n g s ,  s u c h  h i g h  r e t n i ~ ~ e d  n u t i t e i ~ l t o  urny n o t  bc 
d e s i r a b l e .  
A surlrmory of  n ~ c t n l l u r g i c n l  a n a l y s e s  011 CUS lllOOE1 and Vasco X-2 Is given 
in Table 13. O p t i c a l  m i c r o s t r u c t u r e s  or tlzesc m a t e r i a l s  are shown i n  F i g u r e  
18 through 22. It is i t ~ t c r a s t i n g  t o  note t h n t  u t n i r r o s t r u t - t u r n 1  t rnn~fornrn-  
eian was observed in CBS lOOOE1 due t o  r o l l i n g  c o n t a c t  S n t i g u c ,  This is 
clearly shown i n  F i g u r e  21, The i n i c r o s t r u c c u r n l  change was observed a t  ahou t  
0 .18 nuri (0.007 .in.) hclow t h e  surEncc. T t  is consisrcnt: w i t h  the distnnrc 
from t h e  s u r f a c e  where n~aximum s h e a r  stress e x i s t s  In t h e  spcc in~en .  Nu 
m i c r o s t r u c t u r a l  clrnngee were obscrvrcl i n  a l l  t h e  o t h e r  a l l o y s  used i n  Cl~c 
present i n v e s t i g a t i o n ,  The r e a s o n  f o r  t h i s  is UilKnOwtI. The evidence f o r  
high r e t a i n e d  austenite  found i n  Vasco X-2 i s  allown i n  Figurc 22-(a). 
d) N i t r i d i n g  A l l o y s  
The chemical  coniposl t io t~s  of n i t r i d i n g  n l  l o y s ,  VIEI-VAR Supcr N i t r a l l o y ,  
AM N i t r a l l o y  135 and VAR N i t r a l l o y  N a r c  descr ibed i n  Tnb lc  1 4 .  Table  15  
i l l u s t r a t e s  t h e  heat t r e a t i n g  d e t a i l s  used f o r  tllc alloys, An a d d i t i o n a l  
tempering a t  593' C (1100° F) Tor f o u r  tzours was given  to Iteating trcnring of 
VLN-VAR Super N i t r n l l o y ,  This temper reduces  core ilardtieas irom HRC 50 to  I1RC 
42.  The results of r o l l i n g  contact f a t i g u e  t e s t s  on n i t r i d i n g  a l loys  a r e  
summarized i n  Tab le  16. F i g u r e  2 3  shows t h e  c o r r c s p o i ~ d i u g  r c v u i t s  p l o t t e d  
g r a p h i c a l l y  on the Weibul l  coord ina t t r s ,  U-10 l i v e s  ore conipnrcd a s  n bar 
c h a r t  i n  F i g u r e  24. Inc ludcd  i n  Figures  23 and 24 nro t h o  t c s t  r e s u l t s  on 
VIM-VAR AISI M-50 and VAR AISI 9310. 
It i s  a p p a r e n t  fro111 t h e  above r e s u l t s  t h a t  t h e  r o l l i n g  f a t i g u e  l i f e  of 
t h e s e  n i t r i d i n g  a l l o y s ,  VIN-VAR Supcr N i t r a l l o y ,  All  Nltralloy 135 and VRK 
N i t r a l l o y  N i s  i n f e r i o r  t o  VLPI-VAIt A' IS I  El-50 and t o  VAR A I S I  9310. 
F igures  25, 26, and 27 a r e  o p t i c a l  a ~ i c r o g r a p h s  s1loid.r.; case and core 
m i c r o s t r u c t u r e s  of VIEI-VAR Super N i t r a l l o y  , AEl N i t r a l l n y  I35 and VAR N i t r n l l o y  
N ,  r e s p e c t i v e l y .  De l inea ted  fo rmat ion  of n i t r i d e s ,  a long  grain boundar ies ,  
are evident: i n  n i t r i d c d  case s t r u c t u r e s  of the a l l o y s  i n v c s t i g n t c d .  The 
p r e f e r e n t i a l  f orninrion o f  n i t r i d e s  is ,  i n  g e n e r n l ,  a common pherlontcnon f n 
n i t r i d i n g  a l l o y s .  


Table 13.  Np ti1 l l u r ~ i r n l  Charac tilrisLics of C13S 1000P1 and Vnnco X-2. 









Nf Scr t ivtl 
Cnsc Ilcptll, 
nun ( i n )  
0.75 (0.030) 
I .09 (0 ,043)  
0.76 (O*Q30) 
0.89 (0.035) 
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VIPI-VAR A S 1  W-50. As raerrtionsd prr;vlous,y, '.base high percentngc of rctninod 
austenita may not bo desirable for rolling a1~mcnt banrings. 
IV. SUMNARY AND CONCLUSIONS 
Rolling clen~ent fa t igue  l i v e s  were evaluated with eleven a l loys  i n  the 
General E lec tr i c  Rolling Contract (RC) rigs ,  Several different heat trent- 
nlents and/or melting proccsscs have been s tud ied  w i t h  three carburizing 
alloys.  Metallurgical analyses wcrc made before and after the RC r i g  t e s t s ,  
Test data was s t a t i s t i c a l l y  onal'yzed using the Weibull d i s t r i b u t i o n  function. 
The resul ts  were conipnred with the standard aviat ion alloys, VIN-VAR AISI b1- 
50 and VAR A I S I  9310. T l ~ e  following conclusions were obtained. 
For AISP 9310 
o Roll ing contact: fa t igue  l i f e  of VAR AISI 9310 is equivalent t o  or 
s l i g h t l y  bet ter  than Vn1-VAR bl-50. 
I t  was found that double vacuum process d i d  not improve r o l l i n g  
contact fat igue life over s i n g l e  vacuum process in AISI 9310. 
r I t  was also found that rolling contact fat igue  l i f e  is dependent on 
level  of retained austeniee present: I t 1  the case  structure. In the 
range of 10 to 20 volu~ne percent retained austeni te  i n  the case, B- 
10 life of A I S I  9310 was sl~own t a  be increased more than three 
times, from 4.18 x loG cycles t o  14.82 x lo6 cyc l e s .  Little change 
il? r o l l i n g  contact  fa t igue  l i f e  was obscrved between specimens with 
8 . 3  and 11.2 percent retained austeni te ,  
For CBS 600 
a Rolling contact fatigue life performance of CBS GO0 was found to be 
equivalent: to  or bet ter  than that of VAR AISI 9330 and VDI-\rAR AIS1 
El- 50. 
a The e f f e c t s  of different tempering temperatures employed and the 
introduction of freezing cyc les  on r o l l i n g  contact fat igue  do not 
appear to be s ign i f i cant .  Tile reason i s  attributed to the f a c t  
that the var iat ion  employed was not extensive i n  t h l s  invest iga-  
tion. 
For CBS ZOOOM and Vasco X-2 
VAR CBS l O O O E 1  is i n f e r i o r  t o  VIM-VAR AISI M-50 and VAR A I S  9310, 
w h i l e  VAR Vasco X-2 i s  superior to the two base materials. The 
superior performance of Vasco X-2 Is attributed to the excess ive  
retained austeni te  presen t  i n  the case microstructure, 
For Ni tr id ing  A l loys  
r Rolling contact fatigue li,fe porformnce of nitriding alloys, V P I -  
VllK Supor Nitnrlloy, AM Nitralloy 135 and VAR Nitralloy N is infcrior 
t o  V W V A H  AISI  M50 und to VAR AISI 9310, 
Far Tlrrou~lr-Nardening Alloys 
VAK AISI W-1 and VAR AISX 0-2 are superior to VIM-VAH AISI If-50 imd 
VhR AISI  9310 i n  rolling contact Eutigue performance, 
r VAR Vasco Ehtrix I1 is foutrd to be aquivnlent to VIM-VAN AISI 11-50. 
r Tlrt; ro l l ing  colatact futfguc life belrnvior of VAR AIST 5-2 is fo\lnd 
to be inferior to that of VIbC-VAR AISI 1t-50. T h i s  uwy be duc 
t o  elre high degree of ttre inclusions observed. 
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V I .  APPENDICES 
TnbZc C2. Pt~ys icul  Properties of Lubricant, Stnuffcr Jct I.  
(MIL-L-7808C) 
Fira P o i n t ,  E' 490 
Flus11 Paint,  O F 4 25 
Pour Point ,  O P Bclow -75 
Spccf fic Crnvi ty ,  b O / G O o  F 0.350 
Vapor Pressure, mnl Hg 
Specific Hcnc, Btu/lb-O P 
100" F 0.470 
Source 
(1) Batch 34 ;?1 
(2)  Vendor ~ l t a ,  Extrapolated or Interpolated 
3 )  Vendor Brocllura 
( 4 )  AFn*,? 'a  

T s l ~ l r .  2 4 .  ltrll l l~lg Cui~lnc t F L I U ~ ~ ~ I C  'l'i?sts - A i r  PIi>lted, Nf trn?.lcjy 135, 
i l  
(Tcst Scrioa vj 
Tcs t Condi t iotls 
Sm, = 4,826 EP'r'u (700 k e i )  
Tcst Nuahcr 
\ Ic f lru l l  Analysis 
0 I :  1 - 4 3  x lo6 cycles  
U-50 Life:  4 . 3 7  x lut cycles 
Slap@: 1. b8 
S \ ) O l ~ l I  0 . 23 1 1 ~ / ~ 1 ~ ~ 1 ~  (:?!I [ l l / ~ l ~ l ~ )  
(;"I* 11iW ~ - > * v l  lltl/lll  i l l*  1 
S l  1 ' ~ s ~  I :y lSJ 113 t 11 l'al lure 
(1, 1 1 1 , 2 0 0  
1 , 1 tl KI , (1 00 
1 (1 * {lo i , :t 00 
'1 , I [ J  '1, 000 
1 1 , I i 1 , t)OO 
* 3.' 1 , 0th) 
?, :'I:( ,!I[)[) 
8, 1 1  1 ,:tllll 
1 ' ) ,0 '13* ItIlI 
!I , t142, .!()(I 
10, :b'?11* !IN) 
I n ,  1[N9 :!oo 
I ',A:?;!, cl:'[l 
.'* l ~ l t l , t ~ ~ 1 ( ~  
1, l(ltl,S.'10 
10, t100, ~ O l ~  
i, lW1, .'t)L1 
.' , kl I ,  OO[I 
( 3 ,  8 1: , ~ 1 0 ~ ~  
(1, 6 0 2  , t10tl 
Tttble 2b .  l lolllag ComEtrct: Pntiguo 'l'csts - VAK, ASS1 9s. 
(Test Sorius x) 
Ttla t Conditions 
Sm,, 4,826 ElPrz  (700 ksi) 





-37,982, bO0 suspes~dad 
36, hb9, OOU susparrdt*d 
3tt,875,00Q 
16,965, CIOO 




2q, 1:14 , h(10 
3G, 142,000 srispcndt*rl 
35,099,380 s u s p c n d ~ d  
36,044,  t100 suspendcrq 
37,971,  bOO suapcndt~d 
36,072,000 suapcnded 
3b, 830,400 s u s p c ~ ~ d e d  
37,523,500 susp~~nded 
I4eibull Anltly sip 
1 i f p :  14.82 x cpc los  
1-50 X 61.50 s lo6  cycles  
Slope: 1 . 3 2  

Table 28. Rollirrg Contact Futiguc Test& - VAK, CBS ,000E.f. 
- 
(Teat Seriea z) 
Spced 6.23 m/sc?c. ( 2 4 5  in/ sac) 
(25,000 cycles/mit~. )
Stress CycJcs t o  Failure 
1,879,000 
\ \ 'e ibul l  Analysis  
n-10 Life: 1.00 s 106 cycles 
8-50 Life: 1.99 s lo6 cycles 
Slope: 2.73 
Tnb1.c 29. Ril l l ing  Contact; P a t . g u P  Tcsts - V h R ,  AIST 11-1. 
(Tcst Se,rit%t; tx) 
Teat Conditions 
Smax = 4,826 MPa (700 k s i )  
SprccI = 6 .23  rm/spc. ( 2 4 5  in/sc.c) 
(25,000 cyclcs/m:Lu.) 
Test Numbpr 
Lubricant; : EfX1,-L-7808 






















I17cibull Annlys f s  
- 
n - 1 o ~ i . f ~ :  5.95 x l o b  cyc les  
B-SO L i f e :  19.68 x 106 cycles 
Slope :  1.58 
TttLli* 30. Rollillg Car~tact Fntiguc Teats - VAU, hIS1 0-2, 
(Test Series 0) 
T e s t  Candi t i a n ~  
Snmx 1. 4,826 hn'n (700 ksi) 
Speed 6.23 at/sac. (2145 i i ~ / s e c )  
(25,000 cyclos/n~in.) 
Tce t Ntinibcr Stress Cycles to  Ihililre 
10,805,000 
l ( l , H O Q , O O U  
36,270,700 suspcndcd 
Wcitull Analysis  
B-10 L i f e :  5.10 s 106 cyclcs 
D-50 L i f s :  18.70 s 1-06 c y c l c s  
szopc: 1.45  
Table 31.. llo1l.ing Contact: 1';1Cig,dc 'fc*sts - VAR. AISI S-2. 
. L 
( T e s t  Scr.1 LV y )  
Test: Condi t i c l i~s  
Smax = 6,826 MPn (700 ksi) 
Speed = 6 . 2 3  nl/sec, (245 in/sec)  Tcrnprrn turc : Roonrnmbicnt 
(25,000 cyclcs farin.  ) 
Tes t: Num~bcr 
I. 





















-- -- - 
B-10 Lifr: 1 . 2 3  s lo6 cyc les  
U-50 L i f e :  5.41 x 106 cyclcs 
Slope:  1 . 2 7  
Tnbla 32. Rolling Contact Fatigire Tests - VAR, VASCO X-2, 
(Test Series 6)  
Test Conditions 
SmRX 4,826 MPu (700 k5i) Lubricant: NIL-L-7808 




Stress Cycles t o  Fai lure  
I J e i b u l l  Anc\ lysis 
B-10 Life: 6.31 x 106 cycles 
D-SO Life: 15.13 x 106 cycles 
Slope: 2.16 
Ti~blr* 33.  Hnl l i n g  i!cmt;rac! t Pii t igtrr? Ttlsi - VAR, N l  trulluy N, 
...- 
\\rc l b u l l  Analys t s  
* b 
n-10 Lifc: 2.31' s I0 cycltls I: I3-50 L i f e :  4 - 9 0  s 111 cycles 
Slapc:  :?, 48 
Table 34. i loll ing Contact Fatigue Tests - VIM-VAR, AISI 9310, 




= 4,826 bPn (700 k s i )  
Speed = 6 .23  m/sec. (245  in/sec) 
(25,000 cycles/mi n. ) 
Test Number 
Weibull Analysis 
* I  6 B-10 L i f e :  5.25 x 106 cycles 
l3-50 Life: 10.65 x 10 cycles 
Slope : 2.66 
Lubricant: MIL-L-7808 
Temperature: Room-ambient 











I Je ibu l l  Analysis 
13- 10 : tr 2 . 7 2  s l U r  ~-yt- las  
H-50 : b.22 s 10 tsyclt>s 
SLclpc : 2.27 
Tabla 36, Roll ing Contact Fatigue Tests - VAR, CBS 1000M. 
(Tee t Series AC) 
Test Conditions 
'max 
- 4,826 MPo (700 ka i )  
Speed - 6.23 m/sec. ( 2 4 5  in/eec) 
(25,000 cycles /min, ) 
















- 6 D-10 L i f e :  2.11 x 106 cycles 
B-50 Life: 4.05 x 10 cycles 
Slope:  2 . 8 9  
Idc:lbull Anal~ysis 
---- G 
n-.LO Life: 5.16  x IG c y r l c s  G 18-50 L i f a :  11.7h x 10 c y r l c s  
Slope  : 2 . 2 9  
Table 38.  Rolling Cantncc Fatigue Tests - VAR, CBS 600. 
(Test Series 43) 
'L'cs c Cend it ions 
SnIax = 4,826 PIPn (700 ksi) Lubricant: NIL-L-7808 
Tcnipera t urc : Roonr-nnrb i e t ~  r 











Wcibull Analysis  
G l3-10 Life: 5.81 x 10 cycles 
0-50 L i f e :  11.01 x 10' cycles 
S l o  pc: 2.95 
\dt~ibu.lj .  Analysis 
Table 40 ,  Rolling Contact Fatigue Tests - VAR, A I S I  9310. 
(Beae Line Test) 
Test Conditions 
Smruc = 4,826 MPn 1700 ksi) 
Test: Number 
Weibull Analysis 
B-10 Lifc: 4 .I8 x 106 cycles 
B-SO Lifer 9.43 x lo6 'cycles 
Slope:  2.31 
Lubricant: MIL-L-7808 
Temperature: Room-ambient 




























































































































































































































































Fatigue Life, Stress Cycles 
9 5 I I I I B I B 4  I 0 4 1 1 I 4  I I I *  






2 4 0 -  
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- - 
























" 9 -  
8 - 
7 - 
T e s t  Condltio1.s : 
5 
Max. Hertz Stress: 4,826 m a  (700 k s i )  
4 Speed: 6.23 m/sec (245 in/sec) 
Lubricant : MIL-L-7808 
3 - Temperature : Room-ambient 
Pailure Index: 20/20 
Melt ing Process : CVM 
2 























































































































































































































































































































































t I . . . . I  @ I 1 I 1 1  w a 4 I I-1-~1 
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T e s t  Conditions 
' Max.irertzStress: 4,826Wa(7OC?ksi) 
Speed: 5.23 mfsec (245 in/sec> 















, , , , , , !  1 , , , , , , , , , ,*; 
10' 
Fatigue L i f s ,  Stress Cycles 
















FIGURE 49. RCF T e s t  Results of VAR, CBS 600 (Test Series AE) 
I I I I 1 1 I I  I I f I I B I 4 (  I I I I I I I  
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2 ,  
- Max. Hertz Stress: 4,826 Wa (700 k s i )  
- Speed: 6.23 m/sec (245 in/sec) 
Lubricant : b1IL-L-7808 
- Temperature : Room-ambient 
Failure Index: 1nA0 
- 
lo6 lo7 1 o8 


Tnble 41. Sununary of RCP Test Hcsulta of Test l iaterials  for Phase I (0)  
(a) Test: Conditions: Maximum Hertz Stress: 4,826 MPa 
(700 k s i )  
Speed: 6.23 m/sec (245 in/sec) 
Lubr ican t :  MIL-L-7808 
Temperature: Room-ambient 
(b) blelting Process  
(c) Number of failures o u t  af t o t a l  number of t e s t s .  




















(Mel t ing Process) 
Supcr NitraLloy 




( C W  
A t S I  9310 
( C v N  
CIiS 600 
( A i r  Kcl~ed) 
CBS lOOOb1 
(CVM) 
AIST. W - 1  
(CWf) 





N i t r a l l o y  fi 
(CVM) 
AISI: ~ 1 5 0 ( ~ )  
(VIM-VAR) 

























































(a) Tcst: Conditions: blnsi~nlinl Ilcrtz Strcsa: 4,826 bn30 (700 k s i )  
Spilcd: 6,23 mfscc (245 i r ~ / s c ~ - )  
Lubr i c  3111: : MT1,-L- 7808 
Tclnpcra t urc : Rucln\-t~~mLrlen t 
(b) Elplting Praccss 
( c )  Nur~rbcr of  fntlurcs out: of tlic t o t a l  nun1bt.r n f  ti .sts, 
Test 
Sorios 
A i l  
AU 
AC, 















~ 1 0 6  Cyclps 
5.25 
2.71  







1-50 1 ,  

































(a) I?trckwclZ Supccf i c  ial 15-N w t ~ ~  n1i1nstlrc.d 1111 c-ach f ln i sh i~rf  t e s t  bar and 
converted to HRC. 
(b)  Etcusured on t l lc surfncc of f i n i s h ~ d  test; [It~rs by X-ray d i f l r n r t i u i ~  
ana ly s i s .  
[c) N.1'1, rcprcsctlts "not dctectcd." 
(d) k p t h  hulow t h c  surface a t  which H!ZC 58 occurs.  
9 
~c tuinr-tl li') 
hus Leni ts 
W 
.I 
4 .8  
~ ~ 1 1 . ~ ~ ~  




6 . 6  
q.6 
1 ,' 




T c v t  














(Eltlle i ~rg  Prurlc,rs) 
S~IPC'C h f l t r i ~ l l ~ > y  
(V1El-VA!!) 
NiLrallav 1 1 5  
{ A l  o M v l l  r~ci) 






1.f f o c t  ivc* 
C ~ I S L ~  1 ) ~ ~ t l 1 ( ~ ~ )  
IIIIII ( i l l .  ) 
0 , 4 d  (tl.017) 

























AlSI  9310 I .  [0.11JU) (cvbr) 
- 1 -  
CNS 600 1 ,  7 4  cu,aao> 
(Air Mcltc l 
- - . C - C " -  
CUS lOOOEI 
(CVEI) 







N i t r a l t o y  N 
( CBl)  
0.76  (3.030) 
-I- ..-- 
--- --- 
-"- - -- 
0.89 (0.03L31 
0.3s (0.915) 

